The objectives of this study were to determine whether attached nodules of soybean (Glycine max L. Merr.) could adjust to gradual increases in rhizosphere PO2 without nitrogenase inhibition and to determine whether the nitrogenase activity of the nodules is limited by P02 under ambient conditions. A computercontrolled gas blending apparatus was used to produce linear increases (ramps) in PO2 around attached nodulated roots of soybean plants in an open gas exchange system. Nitrogenase activity (H2 production in N2:02 and Ar:02) and respiration (CO2 evolution) were monitored continuously as PO2 was ramped from 20 to 30 kilopascals over periods of 0, 5, 10, 15, and 30 minutes. The 0, 5, and 10 minute ramps caused inhibitions of nitrogenase and respiration rates followed by recoveries of these rates to their initial values within 30 minutes. Distinct oscillations in nitrogenase activity and respiration were observed during the recovery period, and the possible basis for these oscillations is discussed. The 15 and 30 minute ramps did not inhibit nitrogenase activity, suggesting that such inhibition is not a factor in the regulation of nodule diffusion resistance. During the 30 minute ramp, a stimulation of nitrogenase activity was observed, indicating that an 02-based limitation to nitrogenase activity occurs in soybean nodules under ambient conditions.
02 is a key factor in the control of N2 fixation in legume nodules. Its concentration in the infected cells of the nodule determines the rate of oxidative phosphorylation in support of nitrogenase activity (1) , but an excess of 02 in these cells may cause irreversible inhibition of nitrogenase (1 1) . Recent work has shown that changes in the infected cells' 02 concentration (Oj)2 may be involved in the effect of physical and physiological parameters on nitrogenase activity. For example, nitrogenase activity in legume nodules may be inhibited by NO3-application to the roots (9, 15) , by restriction of phloem supply to the roots (2, 15, 16) , by exposure of the nodules to 10% C2H2 (10, 21) , by exposure of the nodules to an atmosphere of Ar:02 (4), by lowering of root temperature (19) , and by water stress (17 case may be relieved, at least in part, by elevating the rhizosphere 02 partial pressure (Or), suggesting that the inhibitory effect of each treatment is associated with a decreased flux of 02 to the infected cells.
Considering the nature of 02 as both a substrate and an inhibitor in nitrogenase-linked reactions, Oi under ambient conditions should be regulated at a level near or below the optimum for nitrogenase activity (13) . It is thought that such regulation is achieved by the presence of a variable barrier to 02 diffusion in the nodule cortex (3, 4, 12, 20) . Recently, a demonstration of this regulation in intact attached soybean nodules was shown by a spectroscopic method (5) in which O was monitored during an increase in Or from 20 to 25 kPa.
During this treatment, Oi increased from 21.5 to 250 nM but returned to 21.5 nM within 10 min. This indicated that, with a direct increase in Or, the diffusion barrier does not respond swiftly enough to prevent an increase in Oi. As a result, this treatment temporarily inhibited both nitrogenase activity and respiration (5) . Such temporary inhibitions with direct increases in Or have been observed previously (4, 18 (7, 18) , changes in water availability (18) , or changes in phloem supply (2, 15, 16) .
MATERIALS AND METHODS Plant Culture and Experimental Conditions
Seeds of soybean (Glycine max L. Merr. cv Harosoy 63) were inoculated with Bradyrhizobium japonicum strain USDA 16 deficient in uptake hydrogenase activity (7) and grown as described previously (4) . Environmental control was provided by a growth cabinet (400 ,umol quanta photosynthetically active radiation m-2 -s') with a 16 h photoperiod, 25°C day and 20°C night. Previous studies (16) An open-flow gas analysis system ( Fig. 1 ) was used to monitor rates of CO2 and H2 exchange from nodulated roots in atmospheres of N2:02 or Ar:02 in which P02 was varied from 20 to 30 kPa. To provide precise control over the composition of the gas phase, a computer-driven gas blender and flow controller was designed and constructed in our laboratory (Fig. 1) . It incorporates four electronic mass flow controllers (model FMA-100 series, Omega Engineering, Stamford, CT), one for each of the components in a desired gas mixture. The flow rate of gas through each of the four controllers is determined by a set-point voltage and each of these voltages are provided by a MS-DOS compatible computer (model 325, Corona, Cordata, Scarsdale Technology, Don Mills, Ontario) equipped with a board (8-bit, model PXB-721/DMA8-I0/ADM8-10, QuaTech, Inc., Akron, OH) having the capability for 4-channel digital-to-analog and analog-to-digital conversion as well as multichannel digital input-output. Further details of how these components work together in controlling gas flow rate and composition have been described elsewhere (6) .
Control of Gas Composition and Flow Rate and the Analysis of CO2 and H2 Exchange
The gas blender and gas analysis system were set up as shown in Figure 1 . Pure compressed N2, Ar, and 02 were connected (40 psi) to mass flow controllers which provided a nominal air flow rate of 5 L-min-' at a set point of 5 V.
Either a H2 standard gas (1949 qL. L' in Ar) or a CO2 standard gas (5% v/v CO2 in N2) were connected to a flow controller which provided a nominal air flow rate of 10 mLmin-' at a set point of 5 V. The effluent of the N2 and Ar controllers was directed to a manual four-way value (model SS-43YF2, Whitey Co., Highland Heights, OH), and one of the effluent streams from this valve was mixed with the 02 and standard gas streams before being supplied to a bank of five flow meters (model FP-1/8-077-GIO/443U396U07, Lab Crest, Warminster, PA). The other gas stream entering the four-way valve was vented to atmosphere. The total flow rate of gas entering the bank of flow meters was 2500 mL * min-', or about 500 mL * min-' to each flow meter. The H2 and CO2 gas mixes were used to calibrate the H2 analyzer (8) and infrared CO2 analyzer (model 225, Mark III, Analytical Development Corporation, Hoddesdon, U.K.). Since the sensitivity of the H2 analyzer is affected by the other components of the gas stream, calibration curves were run in N2:02 and Ar:02 as the PO2 was ramped from 20 to 30 kPa. As discussed previously (6) a planar relationship exists between log pH2, log PO2, and log mV output of the instrument.
The three analytical gas streams were humidified by bubbling through water and then were passed through the growth pot enclosing the root system of a plant. To maintain low back pressure and to minimize leaks, most of the effluent gas stream was vented to atmosphere. An 02 electrode (model CB1D, Hansatech, Kings Lynn, U.K.) monitored the 02 concentration in the vented gas. A portion of the gas stream (about 200 mL min-') was sampled by a pump (model 113-1656000, Wisa Precision Pumps, Bajonne, NJ) and dehumidified by passage through an ice water bath and magnesium perchlorate filter before being analyzed by an infrared CO2 analyzer and H2 analyzer in series. The analog output from each instrument was recorded on a chart recorder or by a multichannel computer data collection system (IBM PC equipped with a PC Mate, LabMaster A/D Board, Tekmar Inc. Solon, OH and LabTech Notebook Software, Lab. Technologies, Wilmington, MA).
H2 evolution in N2:02 provided a continuous monitor of relative nitrogenase activity in an atmosphere which was similar to air. When the flush gas was replaced with Ar:02 (see below), the electron flow to nitrogenase which was previously used to reduce N2 to NH4+ was diverted to H2 production, and the rate of H2 evolution was taken as a measure of TNA. Since TNA declines with continuous exposure to Ar:02 (4), the Ar:02 treatment was imposed only until maximal rates of H2 evolution were measured (about 5 min).
The four-way valve shown in Figure 1 allowed the operator to select N2 or Ar as the gas to be mixed with the 02 and permitted rapid switches between N2:02 and Ar:02 gas streams with no measurable fluctuation in the P02 or flow rate. and connected to the gas exchange system as shown in Figure   1 . The roots were exposed to an atmosphere of 20 kPa O2 in N2 until steady state rates of H2 and CO2 production were monitored. At this point the four-way valve ( Fig. 1 The first set of experiments showed that during the 30 min ramp H2 production in N2:02 rose to a peak value at about 25 kPa O2 before declining to a new steady state rate at 30 kPa O2 (Fig. 3F) . To determine whether the initial rise in H2 production was due to an increase in TNA or to a decline in the EAC of nitrogenase during the ramp, a set of experiments was performed in which TNA was measured half-way through the 30 min ramp. The procedure for these experiments is illustrated in Figure 2 . TNA and EAC were measured at 20 kPA 02 as described above and, after reequilibration at 20 kPa 02 in N2, Or was increased to 25 kPa over a 15 min period. As soon as Or reached 25 kPa, peak H2 production rate in Ar:02 (75:25) was measured, the balance gas switched back to N2:02 (75:25), and H2 and CO2 production were monitored until they were stable. Or was then increased from 25 to 30 kPa over a 15 min period, and TNA and EAC were measured in Ar:02 (70:30) as soon as Or reached 30 kPa. The gas stream was switched back to N2:02 (70:30) until steady rates of H2 and CO2 production were attained, and then a final measurement of TNA and EAC in Ar:02 (70:30) was made. After the experiment, the root material was excised, washed, and dried as described above.
RESULTS AND DISCUSSION
Performance of the Gas Blending System Measurement of Or by the O2 electrode in the analysis gas stream showed that the ramped increases in Or were linear over the specified time periods (Fig. 3) . The total flow rate of gas supplied by the gas blending system did not alter during any of the linear increases in PO2 (data not shown). The gas blending system, in conjunction with the open-circuit gas exchange apparatus, therefore allowed the direct and continuous measurement of H2 and CO2 production rates during each experimental treatment. presented in Table I . Values are given as percentages (±SE) of initial values at 20 kPa 02. Note that C02 production rates are measured from intact nodulated root systems. Approximately 60% of this C02 production is due to nodule respiration, and it is only this component which varies with 02 treatments ( 15) .
During the 5 min ramp, H2 and C02 evolution rates declined reaching minimum values at 30 kPa 02 which were 39% (±3.0) and 77% (±3.2), respectively, of the rates at 20 kPa 02 (Fig. 3C) . During exposure to 30 kPa 02, oscillations in both H2 and C02 production rates were observed, but the rates during these oscillations, and during steady state conditions at 30 kPa 02, were always lower than those measured at 20 kPa 02. After 30 min exposure to 30 kPa 02, new steady state rates of H2 and C02 evolution were attained that were 2.0% (±1.2) and 12.0% (±2.5) lower, respectively, than the initial rates at 20 kPa 02 (Table I) . Measurements of TNA (H2 evolution in Ar:02) were 19% (±2.5) lower at 30 kPa 02 than at 20 kPa 02, reflecting the 5.1% (± 1.3) lower values for EAC (Table I) . In all respects the results of the 5 min ramp were very similar to those obtained when Or was increased directly from 20 to 30 kPa ( Fig. 3B ; Table I ).
The inhibition of H2 and C02 production rates observed during the 0 and 5 min ramps suggests that the changes in the resistance of the diffusion barrier under these conditions do not occur swiftly enough to prevent a temporary increase in Oi. Such an increase in Oi has been observed experimentally during a direct increase in PO2 from 20 to 25 kPa (5) and resulted in an inhibition and recovery of H2 and C02 production rates similar to that shown in Figure 3 , B and C. It has been postulated that the inhibition of H2 production is brought about by an inhibition of nitrogenase activity which is fully reversible (4, 5) , but the nature of this inhibition is not understood. However, it is unlikely to involve destruction and de novo synthesis ofthe enzyme, since the recovery period is usually 30 min or less ( Figure 3, B and C) .
During the 10 min ramp in r, all plants showed declines in H2 and C02 production rates that reached minimum values at 25 kPa 02 which were 50% (±7.0) and 80% (±4.0), respectively, of the initial rates at 20 kPa 02 (Fig. 3D) . During the remainder ofthe ramp, both H2 and C02 production increased +3.7 ± 1.1 -2.2 ± 6.6 -6.5 ± 3.0 -6.8 ± 1.8 6 15 +16.0 ± 9.5 -4.4 ± 6.9 -0.9 ± 3.8 -7.8 ± 3.0 5 30 +7.4 ± 1.1 +2.5 ± 2.9 -0.8 ± 2.1 -4.0 ± 0. 9 6 again but continued to oscillate during continuous exposure to 30 kPa 02. In four of the six plants, the maximum rates of H2 and C02 production during these oscillations were similar to, or exceeded, the rates measured at 20 kPa 02 (Fig. 3D) . Steady state TNA and C02 production rates at 30 kPa 02 were variable (Table I) The results from the 10 min ramps show that the initial inhibition of H2 and C02 production may be reversed very rapidly (within 5 min), and while Or is still increasing. However, further inhibitions and recoveries of H2 and C02 production continue to occur while Or is stable. The reason for these oscillations is not known, but one hypothesis is that during and after the 10 min ramp the resistance of the diffusion barrier may undergo cyclic changes resulting in alternating conditions of sub-and supra-optimal Oi before a stable Oi is attained. However, our gas exchange measurements do not determine whether the periods of low H2 production are associated with a low or high diffusion barrier resistance and are caused by 02-inhibition of nitrogenase or by 02-limitation of nitrogenase-linked respiration. Similarly, the results do not show whether the inhibition of nitrogenase activity observed in some plants at 30 kPa 02 is due to nitrogenase damage by high 02 or to the maintenance of a new set-point Oi which is suboptimal for nitrogenase activity.
Further experiments are required to answer these questions.
Metabolic regulation may provide an alternative, or additional, explanation for the 02-induced oscillations in nodule gas exchange. In biocyhemical reactions, oscillations in the rate of product formation are indicative of a perturbed system undergoing regulatory control. Recently, Stitt et al. (14) exposed barley leaves to a light/dark/light treatment and observed oscillations in photosynthetic 02 evolution and fluorescence quenching that were similar in periodicity to the oscillations in H2 and C02 production observed during and after the 10 min ramp. Stitt et al. (14) (Fig. 3E ). During this treatment there was a trend toward an increase in the rate of H2 production in N2:02 (16.0% + 9.5), but there was little change in the rate of C02 production from the nodulated roots (0.9% ± 3.8; Table I ). The increases in H2 production were not necessarily coupled with increases in TNA, since values of TNA and EAC at 30 kPa O2 were variable.
The 30 min ramp in Or did not lead to any inhibition of H2 or CO2 production and produced results which showed very little variation ( Fig. 3F ; Table I ). During the first 15 min of the ramp, there was an increase in both H2 and CO2 production rates, followed by a decline to new steady state rates at the end of the ramping period (Fig. 3F) . The H2 production rate in N2:02 at 30 kPa O2 was 7.4% ± 3.7 greater than that at 20 kPa O2, but due to a decline in EAC (-4.0% ± 0.9), TNA values of all plants in steady state conditions at 30 kPa O2 were similar to those measured at 20 kPa O2 (Table  I ). The change in CO2 production rate between 20 and 30 kPa O2 was not significant (0.8% ± 0.9; Table I ).
During the 15 and 30 min ramps, it is likely that a gradual increase in the resistance of the diffusion barrier prevented large changes in Oi and the associated oscillations in H2 and CO2 production rates. This suggestion was supported in further experiments in which Or was ramped between 20 and 30 kPa over periods of 60 and 120 min and in which no significant change in H2 or CO2 production rates was observed throughout the ramping periods (data not shown). These results show that the stimulus for diffusion barrier regulation does not necessarily involve an inhibition of nitrogenase activity. To the contrary, if the transient increase in H2 production during the 30 min ramp represents an increase in TNA (as discussed below), diffusion barrier regulation may occur as nitrogenase activity is stimulated.
Evidence for an 02-Imposed Limitation to Nitrogenase Activity Under Ambient Conditions
The results from the continuous 30 min ramps showed a large increase in H2 production in N2:02 as Or was increased to 25 kPa (Fig. 3F) . To determine whether this increase was due to a stimulation of nitrogenase activity or to a decline in the EAC of nitrogenase, the 30 min ramp was split into two parts and TNA was measured at 25 and 30 kPa 02 as described in "Materials and Methods" and as illustrated in Figure 2 . The results of these ramps are presented in Table II .
As in the continous 30 min ramps, all plants showed a large increase in H2 production in N2:02 (20.5% ± 2.3; Table II) as Or increased from 20 to 25 kPa (Fig. 2) . EAC declined slightly during the ramp (-3.3% ± 0.8; Table II ), but the increase in H2 production was largely the result of a stimulation in TNA of 10.7% ± 2.9 (Table II) . CO2 production remained constant or increased slightly during the ramp (Table II) (Table II) . The maintenance of an increased TNA value at 30 kPa O2 after the interrupted 30 min ramp contrasts with the results from the continuous 30 min ramp in which increased H2 production in N2:02 (and presumably TNA) was temporary and declined to initial levels during the latter part of the ramp (Fig. 3F) .
The result of the continuous and interrupted 30 min ramps suggest that an O2-based limitation to nitrogenase activity may occur in soybean nodules under ambient conditions, since all plants showed an increase in nitrogenase activity as Or was increased from 20 to 25 kPa (Figs. 2 and 3F; Table  II ). During the first 15 min of the ramp, it is likely that the increase in diffusion barrier resistance did not maintain a constant Oi but allowed Oi to increase from a suboptimal level to a level which stimulated nitrogenase activity. When the 30 min ramp to 30 kPa 02 was interrupted at 25 kPa 02, the stimulation of nitrogenase activity could be maintained both at 25 kPa 02 and during a subsequent 15 min ramp to 30 kPa 02. When the 30 min ramp was conducted without interruption, the maximum TNA attained at 25 kPa 02 declined to its initial rate at 30 kPa 02. The reason continuous and interrupted 30 min ramps should produce different results is unknown. However, the importance of the results is that soybean nodules may be manipulated by a treatment with 02 to attain a significantly higher level of nitrogenase activity than occurs under ambient conditions. Since TNA in some plants showed increases of more than 25% during the ramps, our results suggest that there is considerable potential for increasing the ambient rate of nitrogen fixation in soybean nodules. 
